Observational evidence is presented for transfer of energy from the internal tide to near-9 inertial motions near 29
Introduction

21
Motivation
Internal tides provide one of the major dynamical pathways from large-scale energy in S. Additionally, any internal tide energy lost to PSI is not available to dissipate elsewhere in 50 the ocean, so any attempt a a global internal tide energy budget must take PSI into account.
51
Basic Theory
52
Nonlinear energy transfer between internal waves has often been conceptualized with 
57
The interaction is strongest when participating wavenumbers and frequencies satisfy simple 58 resonance conditions,
59
ω 1 ± ω 2 = ω 0 ; k 1 ± k 2 = k 0 (1) simple expression for energy input into one of the daughter waves: may be in play at lower latitudes.
81
When considered in a frame of reference aligned with the direction of propagation of the 82 internal tide, (2) simplifies further to
84 where k 0 is the horizontal wavenumber of the internal tide and primed velocity and u ,
85
indicates horizontal velocity in the direction of internal tide propagation.
86
Before attempting to apply (3) to the data, we note several salient features. 
104
where θ k is defined here to be the horizontal propagation direction of the internal tide CCW 105 from due East, and u * = (u + iv) * where (u, v) are eastward and northward velocities.
106
The factor of 2 in front of θ k arises because both daughter wave velocities must go through 107 coordinate frame rotation. For convenience we have separated out a triple product term (Γ)
108
and terms involving angles, including the factor of i from (4). θ Γ is the complex phase of 109 the triple product Γ. Physically, there is a net energy transfer from the primary wave (the 110 internal tide) to two subharmonic waves when (5) is positive. The term is maximized if the 111 complex phase of the triple product, Γ cancels the multiplying term, Bandpassed near-inertial velocity shows a series of wave groups, as documented in more 
Semi-diurnal waves
181
The internal tide at 29N is a complex superposition of waves propagating different direc- horizontal wavenumber is simply proportional to the vertical wavenumber, so all else being 199 equal we expect higher mode internal tides to be more susceptible to PSI. In order to apply
200
(3) we need to know the direction of these higher-mode waves, the direction of the horizontal 201 wave-vector.
202
Pseudomomentum is a useful quantity for assessing internal tide wave-vector direction.
203
For a linear propagating wave, pseudomomentum is the product of the vector horizontal 204 wavenumber and the scalar wave action,
where k H is the horizontal wave vector, E is the energy density, and ω the intrinsic wave 
where ζ is isopycnal displacement, u, v are eastward and northward wave velocities, and the 211 average <> is taken over at least one wave period (Pinkel et al. 2012 ).
212
Pseudomomentum is calculated by applying (8) to D 2 bandpassed velocities and isopycnal 213 displacements (as shown in Figure 5 ). When applied to the full D 2 fields the result is noisy.
214
Below we show bicoherence is strongest between near-inertial waves and an internal tide near-inertial waves. Bispectra are calculated as:
256 where E[·] is the expected value, and X represent complex FFTs of any variable of interest.
257
Following (5), we choose the three variables to be horizontal velocity with an CW sense of that the tide has two depth ranges of reasonably consistent propagation direction, bispectra 267 are separately depth-averaged over these two depth ranges.
268
The results are plotted as a function of ω 1 , ω 2 in Figure 8 
275
The significance of this tendency is assessed using bicoherence, defined as The significance of the phase-locking between inertial and tidal motions is strong evidence of
291
PSI and is one of the main results of this paper. In contrast, while there are other elevated 292 regions of the bispectra, they do not appear bicoherent.
293
Bispectral techniques can also be used to look at triple product phasing in depth as well 294 as time. In other words, bispectra can be computed as a function of vertical wavenumber 295 in addition to frequency. Here we build on the results of frequency analysis and look at the 296 vertical wavenumber bispectra specifically between near-inertial and semidiurnal motions,
298
The resultant bicoherence is shown for each depth range in Figure 9 (left panels). In wavenumber (m 1 + m 2 ) is much less than that of either daughter wave, or in other words 307 that the internal tide has larger vertical wavelengths than the inertial waves.
308
While both depth ranges indicated in Figure 9 show bicoherence between inertial and 309 tidal motions, the phase of the bispectrum is different between the two depth ranges. The 310 right panels of Figure 9 show biphase, the angle of (12), as a function of vertical wavenumber.
311
In both the upper and lower panels the biphase has a consistent sign over the wavenumber 312 range with significant bicoherence, but it is a different phase between the two panels. phase / downward energy packet visible in Figure 4 , which could be a wind generated wave.
331
The overall positive magnitude of (5) 
Discussion and Conclusions
341
The two most robust result of this work are 1) that there is a consistent, statistically 342 bicoherent sense of phase between the internal tide and near-inertial waves as would only 343 be expected when PSI is present, and 2) that the particular sense of that phase is one that 344 leads to positive energy transfer from the internal tide to near-inertial waves.
345
The data show two depth ranges that have relatively consistent sense of semidiurnal participating waves -an up-going near-inertial wave, a down-going near-inertial wave, and a semidiurnal internal tide. Using the tidal direction as estimate from psuedomomentum we 350 calculate a net positive energy transfer from the internal tide to near-inertial daughter waves 351 (Fig. 11) . Though several previous studies have documented phase locking using bispectra
352
(Carter and Gregg 2006; Sun 2010), to our knowledge this is the first study to explicitly 353 calculate the energy transfer rates using an equation like (5).
354
As always with this type of calculation, care must be taken to not falsely conflate diur- 
362
The calculated magnitude of the energy transfer rate is quite modest, of roughly the 363 same order as the local dissipation rates presented in the companion paper (Fig. 11) . A 364 rough timescale for subharmonic growth rate is given by the ratio of inertial energy ( Fig.   365 4) to the tendency term, τ ∼ E ni /(dE/dt) . Taking the average either up-or down-going 366 energy for E ni and energy transfer rates from Fig. 11 gives timescales for growth of 2-5 days.
367
Our estimate of the magnitude of the energy transfer rate is significantly more uncertain, 
373
The emerging story is that while PSI does befall a propagating internal tide, it does not 374 do so in the catastrophic way predicted by MW. Hazewinkel and Winters (2011) 
503
In the text this angle is used as a proxy for the angle of internal tide propagation, Bottom panel is the full energy transfer term from (5) , where Γ has been multiplied by the phase term with the tidal direction given by pseudomomentum, θ k ≈ θ P 
